Introduction
Frequent respiratory tract infections in children are among the most common causes of preschool and school absences and visits to physicians. The disease mainly involves the upper respiratory tract and is associated with fever, cough, sore throat, and rhinitis. More than six serious diseases a year are defined as recurrent respiratory tract infections (RRI). Epidemiologists estimate that ca. 15% of children suffer from RRI, which could be related to several factors that can act alone or together [1] . Among the predisposing factors immune system deficiencies can be considered as well as anatomic and functional alteration in the respiratory tract, air pollution exposure, or poor social conditions. During the development of infections many different immunologic disturbances can occur, hence they are a difficult diagnostic challenge. Nevertheless, early and accurate diagnosis is essential to ensure that the appropriate treatment is given and to minimise irreversible changes [2] .
Immunodeficiency may be due to defects of B-cells, T-cells, NK cells, complement system, or phagocytes [3] . In light of the current knowledge about the complexity of the immune system a wide range of laboratory tests can be performed to identify such disorders.
Chemiluminescence of granulocytes is a method for the estimation of their overall activity as measured by the production of reactive oxygen species. The chemiluminescence test is recommended by the World Health Organisation to assess non-specific immunity [4] . Due to various stimuli granulocytes produce free oxygen radicals, which react with luminol, resulting in light emission (chemiluminescence). It could be inducted by chemotactic agonist (fLMP -Formyl-Methionyl-Leucyl-Phenylalanine), antibodies, and complement Fc-fragment receptor (opsonized zymosan -OZ) or in a non-receptor way (PMA -Phorbol 12-myristate 13-acetate) [5, 6] . It is a test performed to evaluate the ability of granulocytes to produce reactive oxygen species (ROS), which are responsible for the bactericidal properties of phagocytes. Dysfunction of granulocytes can be connected with their decreased level or impaired function of phagocytosis [7] . The disruption of only one of the functions of these cells can lead to severe recurrent infections, including RRI [8] .
Another point worth mentioning is the fact that if there is suspicion of an immunodeficiency, one of the first tests prescribed is blood lymphocyte immunophenotyping [9] [10] [11] . Peripheral blood T and B lymphocyte count is used especially for the diagnosis of primary immune deficiency (PID).
Approximately 50-60% of all identified PIDs are caused by defects in antibody production, whereas T-cell disorders account for 9% of primary immunodeficiency diseases [12] . T cells are essential for cell-mediated immunity that is critical to the control of intracellular pathogens, viruses, and opportunistic infections. CD4+ T-cell activation of phagocytes enables them to clear intracellular pathogens, fungi, and protozoa, while CD8+ T cells are essential to control viral infections [13] . T-cell defects may result in serious and frequent infections of the respiratory system or skin. In addition T-cells are important to the normal functioning of B-cells. Consequently most T-cell disorders lead to a combined T-cell and B-cell disorder.
Unexplained lymphocytopaenia is often ignored, but it may be an important clue suggesting immunodeficiency, and should prompt investigation of the underlying cause [14] . Furthermore, pan-lymphocytopaenia implies Severe Combined Immune Deficiency (SCID), but selective deficiencies in one or other subset (e.g. selective CD4 T-cell deficiency) can be masked within a normal total lymphocyte count [15] . That is why immunophenotyping is useful in SCID diagnosis.
The lymphocytic subpopulations can be detected and quantified by flow cytometry, using monoclonal antibodies bound with fluorochromes.
The aim of this study was to assess immunological deviations in laboratory tests -neutrophil chemiluminescence and peripheral blood lymphocyte immunophenotyping -performed in children with RRI.
Material and methods
In the retrospective study 25 children suffering from recurrent respiratory tract infection, aged 4.1 ±2.3 years, 13 boys and 12 girls, were involved. For all children chemiluminescence of granulocytes and immunophenotyping of lymphocytes from peripheral blood were examined.
Patients with RRI had at least six serious diseases in a year. The diagnosis was based on clinical evaluation and the patient's history.
Chemiluminescence
Neutrophil luminol-dependent chemiluminescence was assessed after stimulation with 0.9% NaCl (saline), fMLP (10 -3 M), OZ (20 µg/ml), and PMA (1 µg/ml). Briefly, 200 µl of Hanks medium and 50 µl of peripheral blood collected in a tube containing sodium heparin was added to each of four wells of a 12-well reaction plate. Then 20 µl of appropriate reagent (saline, fMLP, OZ, or PMA) was added to the blood. Next, 200 µl of luminol in a concentration of 10 -5 M was added to each well. After five minutes preincubation the plate was placed in a Fluorostar Omega (BMG, LabTech) for 120 minutes. The dynamics of chemiluminescence was measured with a luminometer. The maximal luminescence signal reported between 61-120 minutes of the test for each stimulus was chosen for the interpretation of the test result. Final results were shown as a chemiluminescence index (spontaneous vs. stimulated) and compared with values obtained in a healthy reference group of children of corresponding age. An example of a chemiluminescent assay result is presented in Fig. 1 .
Immunophenotyping
Peripheral blood samples collected in tubes containing K2EDTA were processed for flow cytometry by a stainlyse method using OptiLyse C Non-wash Lysing Solution (Beckman Coulter). Each case was assessed with antibodies directed against the following antigens: CD2, CD3, CD4, CD5, CD8, CD19, CD20, CD16_56, HLA-DR, and CD45 (all from Beckman Coulter). Monoclonal antibodies were conjugated with PE, FITC, or PC5. Stainings were performed in three-colour combinations using CD45-PC5 in each tube. Isotype-matched controls were performed for every analysis for evaluation of possible nonspecific staining and autofluorescence. Briefly, to each cytometric tube 50 µL of peripheral blood and 15 µl of specific monoclonal antibodies were added. After 20 minutes of incubation in the dark, at room temperature, erythrocytes were lysed with lysing solution for 15 minutes and then incubated with saline for 15 minutes in the dark, at room temperature. Acquisition and analysis of flow cytometry data were performed using a Cytomics FC500 (Beckman Coulter). An example of lymphocyte immunophenotyping analysis is presented in Fig. 2 .
Statistical analysis
The Fisher exact test was performed to assess if there are non-random associations between:
• chemiluminescent response and changes in lymphocytes subpopulations, • chemiluminescent response and more frequent neutropaenia. A probability of less than or equal to 0.05 was considered significant. Statistical analysis was performed using GraphPad Prism software.
Results
In the studied group different changes were found. Most children presented impairment in neutrophil chemiluminescent activity. Changes in lymphocyte subpopulations were observed in less than 50% of enrolled children. Table 1 presents the numbers of children for whom appropriate results were obtained.
There was no significant association between chemiluminescent response of neutrophils and changes in lymphocyte subpopulations (exact Fisher test) ( Table 2 and Table 3) (Table 4) .
Discussion
In the present study the immunological deviations in children with RRI were evaluated. The most frequent abnormalities were connected with improper absolute count of CD4-and CD8-positive cells, B lymphocytes, and neutrophils. Improper neutrophil response to stimulation in chemiluminescence assay was also noticed.
RRI could be associated with improper neutrophil response to pathogens. Granulocytes play a key role in inducting the nonspecific immune response and protecting the organism against pathogenic bacteria. The first step in the diagnosis of such disorders should be an absolute neutrophil count and morphological analysis of neutrophils. Disorders that can manifest with RRI are leukocyte adhesion deficiency, chronic granulomatous disease, glucose-6-phosphate dehydrogenase deficiency, myeloperoxidase deficiency, and hyper IgE syndrome [16, 17] .
The chemiluminescence assay examines the ability of granulocytes to produce ROS, which regulates the im- Table 1 . The number of children for whom decreased, increased, or normal ranges of the studied parameters were observed [18] . The latter stage may result in reduced response to stimulation in chemiluminescence assay. Functional exhaustion was observed in patients suffering from RRI [19] [20] [21] . Many studies confirm that recurrent infections can be promoted by reduced values of neutrophils [19] [20] [21] [22] [23] [24] . On the other hand, suppressed chemiluminescence can be influenced by other codominant diseases such as rheumatoid arthritis [25] or diabetes [26] . Our study shows that almost 50% of RRI children have decreased neutrophil activity, measured by chemiluminescence. In a corresponding study including 90 RRI subjects, decreased neutrophil action measured by phagocytosis assay (FAG) were found in 15.5% of children. Their results are in line with ours because no association was found between defects in lymphocyte subpopulation pathologies and function of neutrophils [27] . Dan et al. found that children with RRI obtained lower values for FAG activity and lower numbers of CD4, CD8, CD19, and NK cells than healthy children.
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We compared the mentioned results to reference values for age and gender and found no significant variance between normal ranges and results from enrolled subjects [27] . RRI should also be a warning sign of primary immunodeficiency. It is a characteristic symptom of common variable immunodeficiency (CVID) -a disease with a heterogeneous phenotype [28] . Many studies state that the number of B cells is greatly reduced in patients suffering from CVID [29] [30] [31] [32] . A disturbance in B lymphocytes may result in reduction of immunoglobulin concentration. The measurement of B cell numbers by flow cytometry and examination of serum immunoglobulin concentration are the gold standard in CVID diagnosis [31, 33, 34] . Defects in B cells can be found at different levels during maturation to immunoglobulin-secreting plasmablasts. What is more, the capacity of memory B cells to differentiate into antibody secreting cells is diminished. Both pathologies occur with great heterogeneity [28] . However, some test modalities exist, which may evaluate for B lymphocyte signalling defects and problems with immunoglobulin synthesis [11] . Siebert et al. studied B cell numbers in a group of children with recurrent lower respiratory infection, comparing them with healthy individuals in the same age-ranged group. They found a significant increase of immunoglobulin synthesised cells numbers in RRI children; however, the median values of B cells in both groups -RRI and healthy -were still in the reference ranges for age and gender [35] . In contrast, we did not find any significant disturbances in B cell numbers; only 25% of enrolled children had decreased CD19 positive cell numbers, and there were no subjects with increased B cells.
RRI are not only connected with abnormalities of neutrophils and B cells. A defective or reduced number of T cells can lead to frequent infections, which can include opportunistic pathogens, which are more challenging to treat [13] . Severe combined immune deficits present a real diagnostic challenge. The most severe of these is SCID, which exhibits reduced T cell and B cell numbers or function [36] .
Immunophenotyping is a useful tool in the diagnosis of combined immunodeficiency. It helps in the diagnosis of different abnormalities associated with various clinical phenotypes of B/T/NK cells, especially in SCID [16] . In addition, this technology for cell enumeration can help in the diagnosis of rare immune defects such as WiskottAldrich Syndrome, DiGeorge Syndrom, or Major Histocompability Complex Class II Deficiency [16] . The lymphocyte subpopulation counts should be compared to age adjusted values [37] .
Over a ten-year period (2003-2012) the Immunology Quality Assessment (IQA) Program was performed with the goal of assessing the proficiency in CD3+4+ and CD3+8+ lymphocyte subset immunophenotyping. An overall improvement of performance with greater precision and accuracy was observed. What is more, the absolute count of cells is more reliable than percentage values of variables, and this parameter should be the basis for possible diagnosis [38] .
It should be pointed that immunity reaches its greatest efficacy during the fifth or sixth years of age [2] . Hence, many children with RRI do not have immunodeficiency. The cause of RRI may be the childhood itself. However RRI should be a warning sign for a physician. It is essential to recognise or exclude disorders connected with immunodeficiency. An unrecognised primary immunodeficiency may cause end-organ damage, such as hearing in- jury. Early immunological assessment allows the introduction of effective treatment -in B cell deficiency it would be immunoglobulin replacement; in T cell or granulocytes defects it would be antibiotic or antiviral prophylaxis. The wide availability of flow cytometry analysis of peripheral blood lymphocytes and tests for neutrophil activity should be of interest to paediatricians, and knowledge about such tests interpretation should be especially common among primary care physicians [39] .
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